Komissarov AA, Florova G, Azghani A, Karandashova S, Kurdowska AK, Idell S. Active ␣-macroglobulin is a reservoir for urokinase after fibrinolytic therapy in rabbits with tetracycline-induced pleural injury and in human pleural fluids. Am J Physiol Lung Cell Mol Physiol 305: L682-L692, 2013. First published August 30, 2013 doi:10.1152/ajplung.00102.2013.-Intrapleural processing of prourokinase (scuPA) in tetracycline (TCN)-induced pleural injury in rabbits was evaluated to better understand the mechanisms governing successful scuPA-based intrapleural fibrinolytic therapy (IPFT), capable of clearing pleural adhesions in this model. Pleural fluid (PF) was withdrawn 0 -80 min and 24 h after IPFT with scuPA (0 -0.5 mg/kg), and activities of free urokinase (uPA), plasminogen activator inhibitor-1 (PAI-1), and uPA complexed with ␣-macroglobulin (␣M) were assessed. Similar analyses were performed using PFs from patients with empyema, parapneumonic, and malignant pleural effusions. The peak of uPA activity (5-40 min) reciprocally correlated with the dose of intrapleural scuPA. Endogenous active PAI-1 (10 -20 nM) decreased the rate of intrapleural scuPA activation. The slow step of intrapleural inactivation of free uPA (t1/2 ␤ ϭ 40 Ϯ 10 min) was dose independent and 6.7-fold slower than in blood. Up to 260 Ϯ 70 nM of ␣M/uPA formed in vivo [second order association rate (kass) ϭ 580 Ϯ 60 M Ϫ1 ·s Ϫ1 ]. ␣M/uPA and products of its degradation contributed to durable intrapleural plasminogen activation up to 24 h after IPFT. Active PAI-1, active ␣2M, and ␣2M/uPA found in empyema, pneumonia, and malignant PFs demonstrate the capacity to support similar mechanisms in humans. Intrapleural scuPA processing differs from that in the bloodstream and includes 1) dose-dependent control of scuPA activation by endogenous active PAI-1; 2) two-step inactivation of free uPA with simultaneous formation of ␣M/uPA; and 3) slow intrapleural degradation of ␣M/uPA releasing active free uPA. This mechanism offers potential clinically relevant advantages that may enhance the bioavailability of intrapleural scuPA and may mitigate the risk of bleeding complications. fibrinolytic therapy; rabbit model; pleural injury; urokinase; ␣-macroglobulin; human FIBRINOLYSINS, INCLUDING tissue type (tPA) and urokinase (active two-chain enzyme; tcuPA), are plasminogen activators (PAs) that have long been used to treat a variety of thrombotic conditions including acute myocardial infarction (23; 44), deep vein thrombosis (33, 40), ischemic stroke (1, 3), acute respiratory distress syndrome (ARDS) (20, 21), pulmonary emboli, and organizing pleural effusions (8, 9, 11, 31, 37, 43) . Although intrapleural fibrinolytic therapy (IPFT) has been in use for over 60 years, it has recently undergone reassessment in light of the disparate results seen in clinical trials (9, 11, 37). The efficacy of IPFT in adults remains a subject of ongoing debate. Intrapleural streptokinase was ineffective in patients with complicated parapneumonic pleural effusions and empyema (EMP), whereas other IPFT clinical trials demonstrated efficacy (9, 37). More recently, the Second Multicenter Intrapleural Sepsis Trial (MIST2) demonstrated that IPFT with tPA alone at a 10-mg intrapleural unit dose did not improve clinical outcome in adult patients with complicated pleural infections (11, 43), whereas a recent randomized trial of uPA-based IPFT showed a decrease in the rate of surgical intervention in children with EMP and pleural loculations (13).
FIBRINOLYSINS, INCLUDING tissue type (tPA) and urokinase (active two-chain enzyme; tcuPA), are plasminogen activators (PAs) that have long been used to treat a variety of thrombotic conditions including acute myocardial infarction (23; 44) , deep vein thrombosis (33, 40) , ischemic stroke (1, 3) , acute respiratory distress syndrome (ARDS) (20, 21) , pulmonary emboli, and organizing pleural effusions (8, 9, 11, 31, 37, 43) . Although intrapleural fibrinolytic therapy (IPFT) has been in use for over 60 years, it has recently undergone reassessment in light of the disparate results seen in clinical trials (9, 11, 37) . The efficacy of IPFT in adults remains a subject of ongoing debate. Intrapleural streptokinase was ineffective in patients with complicated parapneumonic pleural effusions and empyema (EMP), whereas other IPFT clinical trials demonstrated efficacy (9, 37) . More recently, the Second Multicenter Intrapleural Sepsis Trial (MIST2) demonstrated that IPFT with tPA alone at a 10-mg intrapleural unit dose did not improve clinical outcome in adult patients with complicated pleural infections (11, 43) , whereas a recent randomized trial of uPA-based IPFT showed a decrease in the rate of surgical intervention in children with EMP and pleural loculations (13) .
It is clear that intrapleural processing of fibrinolysins is complex and can be influenced by a variety of factors. In this regard, the role of proteinase-inhibitor interactions is critical to fibrinolysin function within the pleural space (26, 32) . Increased levels of antigen and activity of plasminogen activator inhibitor-1 (PAI-1) in virtually all forms of pleural injury contribute to impaired fibrin turnover and promote pleural loculation (12, 27-30, 32, 41, 47) . Active PAI-1 is one of the most important profibrogenic molecules and a promising target for IPFT (32) . PAI-1 rapidly inhibits tPA and tcuPA [second order association rate (k ass ) Ͼ 10 6 M Ϫ1 ·s Ϫ1 ] (24, 53) but slowly inactivates single-chain uPA (scuPA) (35) , making the latter a potentially advantageous agent for IPFT (27) . In the airway and pleural fluids (PFs), uPA forms complexes with ␣-macroglobulins (␣M) (35, 36) . In humans, ␣ 2 M (5, 7, 48) is a major secondary endogenous proteinase inhibitor with broad specificity; its concentration in serum approaches 1-2 mg/ml, which is much higher than that of PAI-1 (6) . Conformational changes trap the proteinase molecule inside a "molecular cage" complex formed by two subunits of ␣ 2 M (42). At the same time an encrypted binding site for ␣ 2 M receptor/low-density lipoprotein receptor-related protein (LRP) becomes exposed and ␣ 2 M gains the ability to interact with its receptor (51) . The binding of ␣ 2 M/enzyme to LRP results in endocytosis of the proteinase (15, 18) . In contrast to inactivation by serpins, which results in a complete loss of enzymatic activity due to the stabilization of the acyl-enzyme intermediate, proteinases complexed with ␣ 2 M are active toward low molecular weight (LMW) substrates, indicating the preservation of the enzyme's machinery. Although the inhibition of endogenous proteinases by ␣ 2 M is considered to be irreversible (14, 45) , residual activities toward high molecular weight (HMW) substrates and ligands have been reported for a number of complexes, including ␣ 2 M/uPA (50) . Previously, we demonstrated the presence of ␣ 2 M/uPA complexes in edema fluids from patients with ARDS/acute lung injury (ALI) (36) , observed the formation of similar complexes with exogenous urokinase ex vivo in rabbit PFs (35) , and hypothesized that the endogenous activity of ␣M/uPA and their slow degradation could provide durable low-grade PA activity that might contribute to successful IPFT.
We previously reported that the levels of PAI-1-resistant ␣M/uPA complexes are increased in the PFs of rabbits with tetracycline (TCN)-induced pleural injury 24 h after scuPAbased IPFT (35) . We also found that intrapleural scuPA generated durable intrapleural fibrinolytic activity in a rabbit model of EMP in which adhesions did not form because PF was drained via an indwelling chest tube (29) . However, the mechanisms of intrapleural scuPA processing as well as the kinetics of formation of ␣M/uPA complexes and their contribution to the outcomes of pleural injury have not been evaluated. The focus of the present study is to understand the kinetics of intrapleural inactivation of scuPA and mechanisms of formation and breakdown of ␣M/uPA complexes in vivo in TCN-induced pleural injury. To achieve these objectives, we elucidated the time course of intrapleural scuPA activation to the mature enzyme, tcuPA; determined how tcuPA is inactivated and how ␣M/uPA complexes are formed; and finally assessed mechanisms by which the complexes may contribute to IPFT in the model.
MATERIALS AND METHODS
Proteins and reagents. The scuPA used in this study was a generous gift from Dr. Jack Henkin, Abbott Laboratories, Chicago, IL. The tcuPA activity standard (100,000 IU/mg) was from American Diagnostica (Stanford, CT). Human plasma ␣ 2-macroglobulin (␣2M), wt-human PAI-1, rabbit uPA, and rabbit wt-PAI-1 were purchased from Molecular Innovations (Novi, MI). Fluorogenic uPA substrate was purchased from Centerchem (Norwalk, CT). Fluorogenic plasmin substrate, plasminogen (PLG), and plasmin (PL) were from Haematologic Technologies (HTI, Essex Junction, VT). The protein concentrations were determined by use of a BCA protein assay kit (Pierce, Rockford, IL). All in vitro and ex vivo experiments were carried out in a buffer, 0.05 M HEPES/NaOH (pH 7.4), with or without BSA (1 mg/ml) and/or NaCl (20 mM). The antibodies used included mouse monoclonal anti-human uPA (HUPA3G65, Molecular Innovations, Novi, MI) and goat anti-mouse, horseradish peroxidase conjugated (PAB0096, Abnova, Taiwan).
Animal model. This work was done as a part of a protocol approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center, at Tyler. The TCN-induced pleural injury model was used as previously described (27) . New Zealand White pathogen-free female rabbits that weighed 3.0 to 3.6 kg, from Charles River (Wilmington, MA), were used. At 48 h after intrapleural TCN injection, rabbits with pleural injury were treated with either scuPA or a vehicle control (sterile PBS) as previously reported (32) . Pleural effusions were assessed by ultrasonography using Logiq e system (GE Healthcare, Milwaukee, WI). The scuPA or vehicle control was administered intrapleurally via a catheter (18 gage, 1.25 in. in length) and then cleared with 0.5 ml of PBS, after which 0.5-ml aliquots of PF were collected at 10, 20, 40, and 80 min after IPFT. PF cells were removed immediately by centrifugation as we previously reported (27, 28) , and the citrated, cell-free samples were then stored at Ϫ80°C and analyzed. Anesthesia and postoperative pain medication were administered, as previously reported (32) . During each preoperative and postoperative period, rabbits were carefully monitored for signs of overt pain or distress and to ensure animal stability. Euthesol (0.25 ml/kg), administered intravenously, followed by exsanguination of blood via renal aorta, was used for rabbit euthanasia.
Ultrasonography. B-mode ultrasonography was performed using Logiq e system (GE Healthcare), equipped with R5.2.x software and a multifrequency transducer model 12L-RS (3-10.0 MHz) at a working frequency of 10 MHz. The chest wall hair of anesthetized rabbits was shaved with 851 IVAC vacuum clippers (Laube, Oxnard, CA). Ultrasound contact gel (Parker Laboratories, Fairfield, NJ) was used. The rabbits were held in a prone position and the right pleural space was scanned at the same midchest transverse and longitudinal planes in each animal.
Metrics of pleural injury. Gross loculation injury scores (GLIS) were determined during necropsy and scored as reported previously (32) . To document the level of injury independently of GLIS, pictures of rabbit hemithoraces were taken using a Nikon D300 camera (Nikkor 18 -200 mm VR lens) after PFs were collected as described previously (32) .
Human PFs. The Institutional Review Board of the University of Texas Health Science Center in Tyler (UTHSCT) approved all studies that involved human PFs, which were deidentified. The PFs were collected at UTHSCT from patients with parapneumonic effusions, EMP, defined as previously reported (28) . These fluids were obtained in a deidentified manner from the clinical laboratory and the clinical diagnosis was provided. Effusions were obtained from patients receiving antibiotic therapy for pleural infection and were either thoracentesis or postsurgical specimens. None of the patients received IPFT. None of the fluids from patients with EMP were frank pus and all were from patients with either gram stain-or culture-positive PFs. Malignant pleural effusions were also obtained from patients with cytologically proven pleural malignancy from patients with any form of solid neoplasia metastatic to the pleural compartment. Patients receiving chemotherapy were not excluded from analysis. None of the patients in this group received intrapleural fibrinolytic therapy. PF cells were removed by centrifugation as we previously reported (27, 28) and the citrated, cell-free samples were then stored at Ϫ80°C and analyzed.
uPA amidolytic activity assay. Measurements of the amidolytic activity of uPA in human and rabbit PFs were carried out and analyzed as described (35) .
PAI-1 activity assay. Levels of active rabbit or human PAI-1 in the PFs were determined either by titrating the active inhibitor with solutions of uPA of a known concentration, as previously described (35) , or using a commercially available ELISA (Molecular Innovations) according to the manufacturer's protocol.
Measurements of active ␣2M in human PFs. Active ␣2M was determined in human PFs as previously described (35, 36) . Briefly, PFs were incubated with or without exogenous enzymes (tcuPA, 20 -50 nM) for 0 -18 h at 37°C in a volume of 100 -200 l of 50 mM HEPES/NaOH buffer with a pH of 7.4. Reaction mixtures were sampled, with aliquots withdrawn at 0, 2, 7, and 18 h, and their activities were measured. To estimate the activity of ␣2M/enzyme complexes, amidolytic activity was measured in the presence of an excess of PAI-1 (final concentration in the reaction mixture, 80 -200 nM) (35, 36) .
Immunoprecipitation of enzymes complexed with ␣2M. PFs (10 -20 ml) were incubated with exogenous uPA (20 -100 nM) for 4 -20 h at 37°C. At the end of incubation 80 l of polyclonal sheep anti-human ␣2M antibodies (Meridian Life Science) were added and incubated on ice for 30 min, after which 40 l of slurry of protein A agarose was added to the samples, which were then placed on a rocker for 4 -6 h at 4°C. Resin was spun down and washed three times with 1 ml of cold HEPES buffer. Amidolytic uPA activity was measured in samples with and without the addition of an excess of PAI-1, as we previously reported (35) .
PLG activation assay. These analyses were performed as previously described (38) .
Activation of PLG with ␣2M/uPA complexes. ␣2M/uPA were prepared from human ␣2M (Molecular Innovations), which contained 0.3 mol of active ␣2M per mole of dimer, and tcuPA (Abbott) as previously described (36) . PLG activation by ␣2M/uPA was performed as described (32, 34) . Briefly, ␣2M/uPA (0 -5 nM) was added to the mixture of Glu-PLG (100 -250 nM) and fluorogenic PL substrate (SN-5) (0.1-0.2 mM) (HTI) in 0.05 M HEPES buffer pH 7.4 with 1 mg/ml BSA.
Incubation of endogenous and exogenous ␣M/uPA complexes with PFs. To test whether proteolytic degradation of ␣2M/uPA complexes results in release of free uPA activity, rabbit PFs (50 -100 l) with or without supplementation with exogenous human ␣2M/uPA (20 nM) were incubated at 37°C for 0 -26 h. Aliquots (5 l) were withdrawn at 0, 16, and 26 h and their amidolytic activity with/without the addition of an excess of PAI-1 and PLG activating activity was measured as we previously reported (35, 36) .
Western blot analysis. ␣2M/uPA complexes formed in vivo and in vitro were subjected to nonreduced SDS-PAGE (4 -12% gradient NuPage gel; Invitrogen), and analyzed via Western blot as described previously (35) .
Data analysis and statistics. Levels of statistical significance were determined by Kruskal-Wallis one-way analysis of variance on ranks and pairwise multiple comparison procedures (Holm-Sidak method and Tukey's test). Data analysis was performed using SigmaPlot, v11, as previously described (28) .
RESULTS
The level of intrapleural ␣M/uPA complexes 24 h after IPFT increases with increasing doses of scuPA IPFT. TCN-induced pleural injury in rabbits features extensive fibrin deposition (Fig. 1A, left) and massive pleural effusion (about 20 -30 ml), which can be imaged via ultrasonography (Fig. 1A, right) . Rabbits with TCN-induced pleural injury (Fig. 1A) were treated with a single intrapleural dose of 0.0625-0.5 mg/kg scuPA as described in MATERIALS AND METHODS and euthanized at 24 h after IPFT, and the gross loculation injury score (GLIS; Fig. 1B ) (32) and intrapleural concentration of ␣M/uPA complexes (35) were determined. The dosing range included doses of scuPA known to effectively (almost entirely) clear TCNinduced intrapleural adhesions (0.5 and 0.25 mg/kg), an intermediate dose that partially clears the adhesions (0.125 mg/kg), and a dose that is ineffective (0.0625 mg/kg). The box plots ( Fig. 1 ) demonstrate that an increase in the dose of scuPA results in a decrease in the GLIS (Fig. 1B) and an increase in the intrapleural concentration of ␣M/uPA (Fig. 1C) . Levels of uPA activity in sympathetic PFs from the uninjured (left) pleural space or in the circulation approximated the levels in the right (injured) PFs prior to intrapleural injection of scuPA (data not shown), indicating a low risk of leakage of uPA activity outside of the injured pleural space and consequent systemic PLG activation. Intrapleural scuPA generates PA activity that is well localized to the site of administration. There was almost no free uPA in the PFs, and the amount of uPA complexed with ␣M (the only enzymatically active species that possessed uPA activity) was significantly (three orders of magnitude, P Ͻ 0.05) less than the amount of fully activated scuPA in the dose that was used for IPFT. Next, we sought to evaluate the mechanisms of scuPA intrapleural processing to understand how scuPA generates durable PF PA activity and controls fibrinolysis up to 24 h after IPFT. Two-step intrapleural uPA inactivation coincides with the formation of ␣M/uPA complexes. To evaluate the mechanisms of scuPA processing in vivo during IPFT in TCNinduced pleural injury, PFs were withdrawn at 0 -80 min and were analyzed for uPA and PA activities. Changes of intrapleural concentrations of active uPA and ␣M/uPA complexes that occur after an intrapleural dose of scuPA that effectively clears pleural adhesions (0.5 mg/kg) in the model (30, 35) are shown in Fig. 2 . The concentration of active Rabbits were subjected to ultrasonography (right) to assess pleural effusion accumulation and adhesion formation. Arrows indicate adhesions in the representative gross and ultrasonographic images. The GLIS was based on the fibrin strands, aggregates, and webs counted in the pleural space: too numerous to count, score 50; each discrete strand, 1; small aggregate (less than 5 mm), 2; larger aggregate or web, 5; clear pleural space, 0, as previously described (32) . B: dependence of the efficacy of fibrinolytic therapy in the treatment of tetracycline (TCN)-induced pleural injury (GLIS) on the dose of scuPA. A box plot of the therapeutic outcome of the treatment of TCN-induced pleural injury in rabbits with different doses of scuPA [0 (n ϭ 6), 0.0625 (n ϭ 6); 0.125 (n ϭ 6), 0.25 (n ϭ 6) and 0.5 mg/kg (n ϭ 6)]. There is a statistical difference (P Ͻ 0.05) between outcomes with the effective dose (0.5 mg/kg) and ineffective dose (0.0625 mg/kg). Animals were euthanized 24 h after intrapleural injection of scuPA (72 h after TCN-induced pleural injury) as described in MATERIALS AND METHODS and previously (27) . C: dependence of the intrapleural concentration of ␣M/uPA 24 h after IPFT on the dose of scuPA. Levels of intrapleural ␣M/uPA complexes in pleural fluids (PFs) of animals treated with different doses of scuPA as described in B were determined as previously described (35) . Data in B and C are presented as box plots (showing interquartile ranges) with whiskers showing 5% and 95% values and P values representing results for KruskalWallis ANOVA tests on ranks.
uPA rapidly decreases following a two-step, ␣ and ␤ phase, exponential decay with t 1/2 ␣ ϭ 2.1 Ϯ 0.3 and t 1/2 ␤ ϭ 62 Ϯ 11 min, with amplitudes 70 and 30% of the initial uPA activity (assuming that all exogenous scuPA is equally distributed in 20 ml of PF and completely activated to tcuPA), respectively. Therefore, by 2 h after administration of scuPA IPFT, more than 90% of intrapleural uPA was inactivated. However, in each PF sample withdrawn ␣M/ uPA progressively increased with time, contributing to the total uPA amidolytic activity (Fig. 2) . Since ␣M/uPA is resistant to inhibition by PAI-1 but retains its activity toward LMW substrate (35, 36) , uPA concentration in each aliquot of PF was determined from measurements of amidolytic activity immediately after treatment of the sample with a 5-to 20-fold molar excess of exogenous human recombinant PAI-1, as previously described (35, 36) . At each time point shown in Fig. 2 , total uPA activity is the sum of amidolytic activities of free uPA and uPA complexed with ␣M (Fig. 2) . The concentration of ␣M/uPA approaches saturation at 60 -80 min (Fig. 2) , respectively (Fig. 2) . Accumulation of ␣M/uPA in PF during IPFT with scuPA over time was also visualized by Western blot ( Fig. 2; inset) . Increased intensity of the ␣M/uPA band occurred with time and approached saturation at ϳ60 -80 min. Therefore, within 2 h after scuPA IPFT, the intrapleural concentration of ␣M/uPA increases by more than three orders of magnitude compared with the endogenous concentration of ␣M/uPA prior to IPFT and becomes a major reservoir of active uPA (Fig. 2) . These results support the hypothesis that ␣M/uPA, which at 80 min after IPFT accounts for 8 -12% of initial uPA activity, could contribute to the intrapleural activation of PLG for the next 22 h. Since total uPA activity decreased progressively (Fig. 2) , activation of the majority of intrapleural scuPA at a dose of 0.5 mg/kg to mature tcuPA likely occurred rapidly in PF, within the first 10 min after beginning IPFT. To decipher the mechanisms of early intrapleural processing of scuPA and ␣M/uPA in vivo, the kinetics of uPA and PLG-activating activities were next analyzed by using a range of doses of scuPA IPFT.
Endogenous active PAI-1 affects the rate of intrapleural activation of scuPA. Elevated endogenous active PAI-1 ( Fig. 3A; inset), which is a "molecular signature" of TCN-induced pleural injury in rabbits (32) , was determined in the samples of PF withdrawn just prior to IPFT. The values of PAI-1 activity (median ϭ 14.2 nM, n ϭ 12) varied in the same relatively narrow range (10 -20 nM) previously observed for this model (32) . Equilibrium between active and inactive species of the proenzyme scuPA favors the latter (35) , and low k on ϭ 0.072 min Ϫ1 limits the rate of inactivation of scuPA by PAI-1. Although the interaction of endogenous active PAI-1 with active species of scuPA and tcuPA is diffusion limited (k ass Ͼ 10
, the reaction becomes limited by k on (35) . Indeed, a decrease in scuPA dose (0.125 mg/kg and below) dramatically changed the profile of both PA (Fig. 3A) and amidolytic ( Fig. 3B) uPA activities in samples of PF. The peak of uPA activity (Fig. 3 ) reflected a delay in intrapleural activation of prourokinase to tcuPA in the presence of active PAI-1. As expected, the peak of uPA activity occurred later with a decrease in scuPA dose (Fig. 3) . The time of the peak for both total PA and amidolytic activity of uncomplexed uPA reciprocally depended on the dose of scuPA (Fig. 3B, inset) . Endogenous PAI-1, which rapidly inhibits both the active form of scuPA and tcuPA (35) , delays the intrapleural activation of scuPA and, likely, endogenous PLG due to the decrease of PA activity (Fig. 3) . Therefore, levels of both PA and fibrinolytic activity remain low, until all endogenous intrapleural PAI-1 is neutralized completely. Since the equilibrium concentration of the active species of scuPA increases with an increase in the dose of the fibrinolysin, the peak of uPA amidolytic and PA activities shifts quickly from 35-40 to less than 5 min when the dose of scuPA increases from 0.0313 mg/kg (where equilibrium concentration of active scuPA is less than that for endogenous active PAI-1) to 0.5 mg/kg (where the concentrations of active scuPA and PAI-1 are comparable) (Fig. 3) .
Although the initial PA and uPA activities at the effective doses of scuPA are higher than those for ineffective doses (Fig.   Fig. 2 . In vivo kinetics of uPA inactivation and ␣M/uPA complex formation during scuPA treatment in TCN-induced pleural injury in rabbits. Changes in the concentration of total active uPA (OE) and uPA complexed with ␣M () in PF with time. scuPA (0.5 mg/kg) was injected into the pleural space with TCN-induced pleural injury. The figure illustrates findings from 1 animal (3 independent repeats), which are representative of those identified in 6 rabbits independently subjected to the same analyses. PF was withdrawn at the indicated time points, immediately frozen on dry ice, and analyzed for total uPA amidolytic activity and uPA activity resistant to an excess of plasminogen activator inhibitor-1 (PAI-1, which represents ␣M/uPA complexes). The initial uPA activity was estimated by assuming equal distribution of scuPA in 20 ml of PF and its complete activation to 2-chain uPA (tcuPA). Total uPA concentration activity at each point is the sum of concentrations of free uPA (not shown) and ␣M/uPA. 3), intrapleural fibrinolytic activity is limited by the level of endogenous PLG, which is fully converted to PL between 0 and 80 min for both effective (0.5 mg/kg) and ineffective (0.0625 mg/kg) doses of scuPA IPFT (Fig. 3A) . PF PGN is exhausted through 80 min after administration of all doses of scuPA but activatable PGN is restored within PFs by 24 h after scuPA IPFT. Elevated intrapleural PA activity, indicating activation of endogenous PLG to PL, is detected over 80 min at every dose of scuPA (Fig. 3A) . However, only treatment using a dose of 0.5 mg/kg most effectively clears TCN-induced pleural adhesions (Fig. 1B) . By contrast, 0.0625 mg/kg of scuPA is ineffective (Fig. 1B) despite full activation of the detectable endogenous PLG at 0 -80 min (Fig. 3A) . These observations suggest that fibrinolysis after 80 min of scuPA administration may play a significant role in clearance of intrapleural adhesions observed at 24 h (Fig. 1B) .
The rate of intrapleural slow-phase inactivation of uPA does not depend on the dose of scuPA. PF uPA activity generated by scuPA IPFT is rapidly inactivated (Figs. 2 and 3 ) even though the intrapleurally administered scuPA exceeds the sum of endogenous active PAI-1 (10 -20 nM) and ␣M (150 -250 nM).
The fast ␣-phase occurs in the first 5-10 min (Fig. 2) , where up to 60 -70% of initial uPA activity is lost. PF withdrawn at 5-80 min allowed for evaluation of free uPA inactivation during the second, slower ␤-phase (10 -80 min). The observed first order rate constants (k obs ) of loss of free uPA activity were determined from amidolytic uPA, sensitive to inhibition by PAI- Fig. 4) were independent of the dose (initial intrapleural concentration) of scuPA IPFT, indicating that the rate of slow-phase inactivation of uPA activity generated by different doses of scuPA IPFT is comparable and independent of the intrapleural concentration of uPA. Therefore, in addition to the fast inactivation of tcuPA and the active species of scuPA by PAI-1, there is a PAI-1-independent mechanism that targets intrapleural uPA activity, which results in a fast decrement of intrapleural concentrations of free uPA.
The maximal intrapleural concentration of ␣M/uPA increases with an increase in the dose of scuPA. Levels of intrapleural ␣M/uPA with time (0 -80 min after IPFT) were determined for different doses of scuPA, and apparent first order rate constants of formation of ␣M/uPA (k app ) were estimated by fitting a single exponential equation to the data as described in Fig. 2 and the MATERIALS AND METHODS. The values of k app were plotted against an initial concentration of scuPA (assuming that the whole dose of fibrinolysin was diluted in 20 ml of PF; Fig. 5A ), and results were fit with a linear equation to the plot of medians of k app for each dose to estimate the second order association rate for in vivo formation of ␣M/uPA complexes (k ass ϭ 580 Ϯ 60 M Ϫ1 ·s
Ϫ1
). Moreover the amount of intrapleural ␣M/uPA at saturation ([␣M/uPA] max ) increased with increasing scuPA dose (Fig. 5B) and approached the Fig. 4 . The rate of the slower phase of intrapleural inactivation of free uPA is independent of the dose of scuPA used for IPFT. The observed first order rate constants (kobs) for inactivation of free uPA were determined from measurements of amidolytic uPA activity. Amidolytic activity in samples of PF (n ϭ 6 for each dose of scuPA used) withdrawn at 5-80 min after IPFT was measured with and without an excess of exogenous human recombinant PAI-1, which represent ␣M/uPA and total uPA activity, respectively. A single exponential equation was fit to the dependences of concentration of active free uPA, High levels of active uPA complexed with ␣M, observed at 80 min after IPFT (Fig. 5B) , were decreased by two orders of magnitude by 24 h after IPFT (Fig. 1C). A correlation between the level of ␣M/uPA and the dose was detectable over 24 h after administration of intrapleural scuPA, indicating intrapleural half-life time for these complexes of 3.0 -3.5 h (assuming single exponential inactivation). These results demonstrate that ␣M/uPA becomes a major reservoir of intrapleural active uPA between 2 and 24 h after IPFT of TCN-induced pleural injury in rabbits.
Human PFs contain active PAI-1, endogenous ␣ 2 M/uPA, and high levels of active ␣ 2 M. To determine whether similar mechanisms of uPA processing are operative in human PFs, those from patients with EMP, pneumonia parapneumonic (PN), and malignant (CN) pleural effusions were analyzed for the presence of endogenous active PAI-1, uPA activity resistant to PAI-1, and active ␣ 2 M (Fig. 6) . Endogenous active PAI-1 was elevated (up to 12 nM in PN samples) in the EMP and PN PFs analyzed (Fig. 6A) . Elevated levels of PAI-1 activity were previously reported in human EMP PFs (2) and in the TCN-injured rabbit pleural space Fig. 3A; inset; (32) . Moreover, similar to edema fluids from patients with ALI/ ARDS (36), all three groups of infectious (PN and EMP) and noninfectious (CN) PFs contained uPA amidolytic activity that was resistant to inactivation by exogenous PAI-1 (Fig. 6B) . Finally, a significant fraction of amidolytic activity of the exogenous uPA added to these PFs became protected from inhibition by PAI-1 after incubation at 37°C for 4 -10 h (Fig.  5C ), indicating the formation of molecular cage-type complexes between uPA and endogenous active ␣ 2 M. As expected from the data previously obtained in rabbit PFs (35) , anti-␣ 2 M antibodies coprecipitate uPA amidolytic activity that is resistant to PAI-1 (not shown), directly confirming that there is formation of ␣ 2 M/uPA complexes in human PFs from endogenous active ␣ 2 M and exogenous uPA. Assuming that the levels of ␣ 2 M/uPA reflect saturation and suggesting stoichiometry one uPA molecule per ␣ 2 M dimer, intrapleural concentration of active ␣ 2 M in humans could approach 20 -100 nM (Fig. 6C) . Therefore, both rabbit and human PFs contain high levels of active endogenous ␣-macroglobulins, which, under conditions of IPFT, are able to form complexes with exogenous uPA and protect exogenous scuPA from fast inactivation with PAI-1, significantly increasing the half-life of uPA activity in vivo.
Endogenous activity of ␣M/uPA and products of its degradation contribute to intrapleural PA activity. The protracted bioavailability of intrapleural scuPA in the form of ␣ 2 M/uPA complexes suggests that two alternate mechanisms of activation of endogenous PLG could be operative: 1) endogenous PA activity of ␣M/uPA, and 2) uPA generated due to intrapleural degradation of ␣M/uPA. To test the first mechanism, human ␣ 2 M/uPA complexes with a stoichiometry 1.0 or 0.3 mol of uPA per mole of active tetramer of ␣ 2 M were obtained and characterized as previously described (35, 36) . The PA activity of ␣ 2 M/uPA complexes was compared with that of tcuPA (Fig. 7) , as previously described (34) . As expected (50), the rate of PLG activation by ␣ 2 M/uPA was almost two orders of magnitude lower than that of tcuPA (Fig. 7) . To test whether intrapleural degradation of ␣M/uPA could contribute to the PA activity, samples of PFs, withdrawn at 80 min from pleural cavities of rabbits treated with scuPA (0.5 mg/kg), were incubated at 37°C. The PA activity in the samples (n ϭ 2) increased after 16 h and then decreased after an additional 10 h of incubation ( Fig. 7; inset) . Finally, similar results were observed after incubation of the same PFs supplemented with 20 nM exogenous human ␣ 2 M/uPA complexes at 37°C (data not shown). Therefore, active uPA entrapped in the complexes with ␣M and protected from interaction with HMW substrates (PLG) and inhibitors (PAI-1) is slowly released as a result of intrapleural degradation of ␣M/uPA (Fig. 8A) .
DISCUSSION
The present study provides the first comprehensive analysis of the mechanisms of early (0 -80 min) processing of intrapleural scuPA (illustrated in Fig. 8 ), which effectively clears pleural adhesions in rabbits with TCN-induced pleural injury (27, 30, 32) . This mechanism (Fig. 8B) includes three major steps: 1) activation of prourokinase, which is delayed by endogenous active PAI-1; 2) fast inactivation of free uPA (60 -70% free uPA inactivation in the ␣ phase with t 1/2 ␣ ϭ 2-3 min and 30 -40% in the relatively slower ␤ phase, t 1/2 ␤ ϭ 40 Ϯ 10 min) with simultaneous formation of up to 260 Ϯ 70 nM of ␣M/uPA, which possesses low-grade PA activity (Fig. 7) ; and 3) slow degradation ( Fig. 8 ; t 1/2 ϭ 3.0 -3.5 h) of intrapleural ␣M/uPA, which generates active free uPA (Figs. 7 and 8A) .
The proposed mechanism of scuPA processing during IPFT is shown in Fig. 8B . ␣M/uPA represents the major reservoir of active uPA by 80 min after scuPA IPFT (up to 10% of the initially administered scuPA). uPA activity that is generated as a result of the slow degradation of ␣M/uPA complexes (Fig.  8B , blue circles) contributes to the total intrapleural PA activity, together with endogenous uPA and tPA, as well as residual free uPA (Fig. 8B, green circles) . Endogenous PLG activation and extended exposure of intrapleural fibrin (represented by net; Fig. 8 ) to accumulating endogenous PL contributes to a favorable outcome. If the total PA activity exceeds the level of active PAI-1 (red arrow), the activation of endogenous PLG (purple arrow) within PFs results in durable fibrinolytic activity and adhesion clearance. Replenished PLG (purple arrow) in PF is likely supplied over time by extravasation from the inflamed, hyperpermeable pleural vasculation. At both effective and ineffective scuPA IPFT doses (Fig. 1B) , the majority of available endogenous PF PLG is activated over 80 min because of elevated intrapleural PA activity (Fig. 3A) . Thus durable PA Fig. 6 . Human PFs contain endogenous active PAI-1, ␣2M/uPA complexes, and high levels of active ␣2M. A: levels of active PAI-1 in human PFs. PFs from patients with empyema (EMP, n ϭ 5), parapneumonic pleural effusions associated with pneumonia (PN, n ϭ 4), and malignant pleural effusions (CN, n ϭ 6) were subjected to ELISA specific to active human PAI-1 (Molecular Innovations). Elevated levels of active PAI-1 detected in PFs of patients with EMP and PN. B: endogenous ␣2M/uPA activity in PFs of different etiology. Amidolytic uPA activity in the PFs from patients with EMP, PN, and CN (n ϭ 5, 4, and 6, respectively) was measured in the presence of 50 nM exogenous active human PAI-1 by using a fluorogenic substrate, as previously described (35, 36) . Endogenous uPA activity resistant to inhibition with PAI-1 reflects the level of intrapleural ␣2M/uPA complexes. C: incubating PFs with an excess of exogenous uPA results in the formation of "molecular cage"-type complexes with endogenous active ␣2M. PFs from patients with EMP, PN, and CN (n ϭ 5, 4, and 6, respectively) were incubated with 100 nM uPA for 10 h at 37°C, and uPA amidolytic activity was measured in the presence of 400 nM exogenous active human PAI-1. The level of ␣2M/uPA formed (uPA activity resistant to inactivation with PAI-1) reflects the level of endogenous active ␣2M in human PFs. The data are presented in a box plot format as described in the legend to Fig. 1 . There is no statistical difference (P Ͼ 0.05) between concentrations of endogenous active ␣2M between any of the groups of PFs. Fig. 7 . ␣M/uPA complexes possess intrinsic PA activity, and free uPA resulting from their degradation contributes to durable PA activity in IPFT with scuPA. Rates of plasmin generation due to activation of 100 nM human Glu-PLG by tcuPA (OE) and ␣2M/uPA () were measured in the presence of fluorogenic plasmin substrate as previously described (32, 34) . Slopes of linear dependences of an increase in the fluorescence emission at 470 nm (excitation 352 nm) vs. time in minutes squared were plotted against the concentration of tcuPA or ␣2M/uPA. Solid lines represent the best (R 2 Ͼ 0.98) fit of a linear equation to the data. The relative PA activities of ␣2M/uPA (2.9% of tcuPA) were calculated as a ratio of slopes for tcuPA (6.2 ϫ 10 Ϫ3 AU·min 2 ) and ␣2M/uPA (0.18 ϫ 10 Ϫ3 AU·min 2 ). Inset: changes in PA activity in the PFs of rabbits treated with scuPA (0.5 mg/kg) during incubation at 37°C. Samples of rabbit PFs (withdrawn 80 min after scuPA IPFT) were incubated for 0, 16, and 26 h at 37°C. PA activity in the samples was measured (32, 34) and expressed as a concentration of free uPA. An increase in PA activity reflects the formation of free uPA (specific PA activity 30 -50 times higher than that of ␣2M/uPA). Similar results (not shown) were obtained with PFs supplemented with exogenous ␣2M/uPA (20 nM).
activity generated after 80 min may contribute to effective clearance of pleural adhesions in the model. ␣M/uPA complexes release free uPA at 80 min to 24 h (Fig. 7, inset, Fig. 8 ) and, thus, may contribute to maintaining total intrapleural PA activity above the level of active PAI-1. At an effective dose of scuPA IPFT (0.5 mg/kg), this protracted reservoir of PA activity likely contributes to extended activation of PLG, generating sufficient amounts of PL to clear adhesions in this model. As soon as the total intrapleural PA activity becomes quenched by endogenous active PAI-1 (usually by 24 h after IPFT; data not shown), the level of endogenous PLG increases.
Prourokinase possesses low endogenous enzymatic activity, owing to the equilibrium between active and inactive species, and reacts with PAI-1 with the rate limited by slow transition from the inactive to the active form (35) . The rate of intrapleural neutralization of endogenous active PAI-1 (10 -20 nM; Fig.   3 ) by scuPA depends on the dose of the fibrinolysin [initial concentration of the active scuPA species (35)]. As a result, the peak of uPA activity during IPFT is shifted to a later time with lower doses of scuPA (Fig. 3) . Since scuPA can generate complexes with endogenous ␣M under conditions of overexpression of PAI-1 in vitro (35) and in vivo (36) , the mechanism of formation of ␣M/uPA molecular cages (Fig. 8A) likely includes a reversible Michaelis-like complex, in which an enzyme/proenzyme is protected from interaction with PAI-1 (35, 36) . The kinetics of ␣M/uPA formation in vivo (Fig. 5A ) supports such a bimolecular mechanism with a Michaelis-like intermediate complex (Fig. 8) . Indeed, fitting a hyperbolic equation (not shown) to a dependence of medians of k app on the dose of scuPA (Fig. 5A ) results in k lim ϭ 0.08 Ϯ 0.01 min Ϫ1 and K 0.5 ϭ 480 Ϯ 180 nM (based on ultrasonography measurements, an average initial volume of PF is ϳ20 ml). ). The endogenous activity of relatively stable (t1/2 ϭ 3.0 -3.5 h) ␣M/uPA provides low levels of intrapleural PA activity. Slow degradation and inactivation of ␣M/ uPA produces transient free uPA, which neutralizes PAI-1 and activates PLG. B: the mechanism of intrapleural processing of scuPA injected (green arrow) during IPFT for rabbits with TCN-induced injury includes 3 major steps: 1) activation of scuPA to mature 2-chain enzyme (green circles), which is delayed by endogenous active PAI-1 (straight red arrows); 2) fast inactivation of free uPA with simultaneous formation of up to 260 Ϯ 70 nM of ␣M/uPA, which possess low-grade PA activity; and 3) slow degradation of intrapleural ␣M/uPA, which generates active free uPA (blue circles). A supply of active ␣M from the circulation is shown as a blue arrow, and overexpression of PAI-1 and de novo-synthesized PLG with red and purple arrows, respectively. Activation of endogenous PLG to plasmin (PL) (purple ovals and circles, respectively) by uPA and scuPA by PL is indicated by black arrows. Durable intrapleural PA activity (when a sum of free residual uPA, uPA formed due to degradation of ␣M/uPA, and endogenous uPA and tPA is higher than the level of active PAI-1) results in longer activation of de novosynthesized PLG and exposure of fibrin deposits (black net) to increased amounts of PL over longer periods of time.
The intrapleural concentration of ␣M/uPA increases with an increase in the dose of scuPA (from ineffective 0.0625 mg/kg to effective Ͼ0.25 mg/kg). On the other hand, the maximal level of ␣M/uPA is limited by the intrapleural concentration of endogenous active ␣M, which may differ from animal to animal (Fig. 5B) . Since ␣M/uPA reaches saturation at 260 Ϯ 70 nM (Fig. 5B) , the concentration of intrapleural active ␣M could be as high as 500 nM, assuming a stoichiometry of one molecule of uPA per dimer of ␣M (Fig. 8) . Although ␣ 2 M is the major macroglobulin in humans, with levels in the circulation approaching 1-2 mg/ml (6), rabbits also synthesize ␣ 1 M as an acute-phase protein (19) . Both rabbit ␣Ms (type 1 and 2) can interact with uPA (4, 35, 52) . Since ␣Ms are not synthesized within the pleural compartment, a significant fraction of active ␣M (and, possibly, PLG) in the injured pleural space of both rabbits and humans likely originates from the circulation. ␣M synthesis, its liver degradation, and binding to other proteins could therefore influence its concentration in PFs. Although the pharmacokinetics of ␣M may also be altered by confounding factors, our data show that active ␣Ms in the PFs of rabbits and humans with exudative pleural effusions can form readily detectable bioactive complexes with uPA.
Notably, the concentration of active intrapleural ␣M observed in rabbits is close to the value of K 0.5 estimated from data shown in Fig. 5A . Therefore, even when low doses of scuPA IPFT are administered, a significant fraction of uPA [up to half of the fibrinolysin (Fig. 8A) ] could form a Michaelislike complex with endogenous active ␣M. Reversible binding of scuPA to ␣M can also contribute to the delay in scuPA activation that was observed at low doses (Fig. 3) . Moreover, the proposed mechanism (Fig. 8A) explains the formation of molecular cages with prourokinase observed in edema fluids of patients with ARDS/ALI (36) .
The saturation of intrapleural ␣M/uPA at 60 -80 min after IPFT of TCN-induced pleural injury in rabbits occurs when 90% or more of free uPA is inactivated (Fig. 2, 4) , confirming that ␣M/uPA is a significant reservoir of durable PA activity at 1.5-24 h after scuPA IPFT. Thus ␣M/uPA complexes, which possess endogenous PA activity at the level of several percent of tcuPA ( Fig. 7; Ref. 50 ), when present in a high concentration in vivo, may contribute to durable low-grade intrapleural PA activity, which activates endogenous PLG and supports fibrinolysis, as we previously suggested in ex vivo studies (35) . Significant (up to 5-8 nM) level of ␣M/uPA detected 24 h after IPFT indicates that ␣M/uPA complexes could have a half-life of 3.0 -3.5 h in the pleural space. Degradation of ␣M/uPA in the pleural space (Fig. 8) provides additional free active enzyme (Fig. 7) , also contributing to the total PA activity that supports protracted fibrinolysis and successful IPFT.
Serine proteinases in the bloodstream interact quickly with primary, specific inhibitors (serpins), slowly with secondary, nonspecific ones (␣Ms), and are subject to rapid clearance through LRP receptor-mediated uptake and the liver (16, 39) . In contrast, an injured pleural space is a rather unique and sequestered compartment, which contains loculated exudative fluid with levels of PAI-1 that are markedly increased compared with plasma (25, 41) . The mechanism of intrapleural processing of prourokinase is associated with a significant increase in the half-life of activity of free uPA for the slower phase (t 1/2 ␤ ϭ 40 Ϯ 10 min), compared with tcuPA in the rabbit circulation [t 1/2 ␤ ϭ 6 min (10)]. Although most of the fast ␣-phase of tcuPA inactivation (estimated t 1/2 ␣ ϭ 2-3 min) occurred prior to the withdrawal of the first aliquot of PF, the results (Figs. 2 and 3) indicate that the majority of intrapleural scuPA in the effective dose is activated to tcuPA in first 5-10 min. Nevertheless, delayed activation of scuPA to tcuPA (Fig.  3) , slow inactivation of tcuPA (Fig. 4) , and slow degradation of ␣M/uPA (Fig. 8) are potential advantages for intrapleural use.
Rabbit and human PFs demonstrated strikingly similar properties with respect to the processing of scuPA, levels of endogenous PAI-1 and uPA activity resistant to PAI-1, as well as amounts of ␣ 2 M/uPA complexes formed in human PFs treated with exogenous uPA. These complexes were comparable to those found previously in lung edema fluids from humans with ARDS/ALI (36) . Decreased levels of active PAI-1 and ␣ 2 M in human PFs, relative to levels of both molecules in PFs of rabbits with TCN-induced pleural injury, could result from the limitations of the collection and processing of human PFs. Since both active PAI-1 and ␣ 2 M are prone to spontaneous inactivation and degradation, samples of PF from rabbits were immediately snap-frozen on dry ice and kept at Ϫ80°C. Processing and storing PFs collected from patients typically takes longer, with potential spontaneous inactivation of endogenous PAI-1 and ␣ 2 M. Although the accessibility of the active site for HMW inhibitors and substrates is typically restricted because of steric hindrance of the molecular cage, fibrinogen degradation by endogenous ␣ 2 M/proteinase complexes was first reported almost 40 years ago (22) . Moreover, the ␣ 2 M/uPA possess up to 1-2% intrinsic uPA PLG activating activity ( Fig. 7; Ref. 50) . A statistically significant correlation between levels of ␣ 2 M and D-dimers, observed in pleural effusions after trauma (46) , likewise suggests that endogenous ␣ 2 M complexes could contribute to homeostatic mechanisms of intrapleural fibrinolysis in humans. Successful IPFT with uPA has been reported in children (49) , which agrees with reports of elevated concentrations of ␣ 2 M in children (17) . These findings support the concept that scuPA IPFT could result in a durable, low-level PA activity that may confer a safety advantage. Thus scuPA's unique mechanism of intrapleural processing (Fig. 8B) provides low-grade PA activity for up to 24 h after IPFT with a single dose of the fibrinolysin, which may likewise help clear pleural adhesions progressively.
In summary, we show that the ability of intrapleural scuPA to resist PAI-1 is attributable to relatively slow activation and early formation of ␣M/uPA, contributing to the bioavailability of the fibrinolysin. ␣M/uPA complexes, which possess intrinsic PA activity (50) , are degraded in the pleural space, forming free uPA that contributes to the neutralization of endogenous PAI-1 and to the total PF PA activity. Although the focus of the present work is elucidation of the early (0 -80 min) processing of intrapleural scuPA and mechanisms of formation of ␣M/ uPA, a limitation of this study is that we cannot define the relative contribution of free uPA generated over 80 min vs. subsequent formation ␣M/uPA complexes to the clearance of pleural adhesions after IPFT. Despite this limitation, the results (Figs. 1-7 , summarized in Fig. 8 ) suggest that both aspects of the intrapleural processing of scuPA contribute to durable PA activity and to the outcome of IPFT. Despite the differences in the composition of ␣Ms between rabbit and human (4, 52) , the results reported here otherwise support the contribution of endogenous ␣Ms to successful IPFT in rabbits with TCNinduced pleural injury and demonstrate that similar mecha-nisms may be operative in humans. The pharmacokinetic analyses of intrapleural scuPA in TCN-induced injury in rabbits could differ from that in infectious pleural injury in humans, given the inherent limitations of the model including the absence of comparable loculations, bacterial burden, and antibiotics or variations in other potential confounders including PF pH. Thus future clinical trial testing would be required to demonstrate whether the processing of scuPA (27, 29, 30) in this animal model is recapitulated in PFs of patients with either loculated pleural infection or malignancy-induced loculation and impaired PF drainage.
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